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Two Divergent Xyloglucan Endotransglycosylases Exhibit 
Mutually Exclusive Patterns of Expression in Nasturtium' 
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A cDNA encoding a xyloglucan endotransglycosylase (XET) ho- 
molog was isolated from nasturtium (Tropaeolum majus) epicotyl 
RNA. The deduced protein encoded by the corresponding gene, 
termed XET7, was substantially divergent from a previously isolated 
nasturtium XET (NXCI)  expressed in germinating seed cotyledons 
but was highly homologous to XET genes isolated from vegetative 
tissues of several distantly related species. XET7 was expressed at 
the leve1 of mRNA accumulation in all vegetative tissues examined 
(root, epicotyl, stem, and leaf) except i n  germinating cotyledons. 
Conversely, NXG7 exhibited the opposite pattern of expression and 
i t s  mRNA was detected exclusively in cotyledons. 60th XETl  and 
NXCI were apparently encoded by single genes. Protein extracts 
from epicotyls or germinating cotyledons, in which XETI or NXGI 
are specifically expressed respectively, exhibited XET activity when 
assayed using two different xyloglucan substrates. XET activity from 
epicotyl extracts used nonfucosylated seed amyloid xyloglucan or 
fucosylated stem xyloglucan as a substrate with equal facility, 
whereas XET activity from cotyledon extracts had a significantly 
higher activity against nonfucosylated xyloglucan. The existence in 
a single species of two XETs possessing divergent amino acid se- 
quences, mutually exclusive patterns of expression, and potentially 
different activities against xyloglucan substrates demonstrates the 
existence of different classes of XET and suggests differing roles i n  
vivo. 

Amyloid xyloglucan forms the major polysaccharide 
storage reserve in seeds of nasturtium (Tropaeolum majus), 
tamarind (Tamarindus indica), and several other dicotyle- 
donous plant species (Reid, 1985). This type of xyloglucan, 
which is localized in massive thickenings on the inside of 
the seed cotyledon cell wall (Reis et al., 1987), is composed 
of a 1,4-P-~-glucan backbone with side chains of 1,6-0(- 
xylopyranosyl residues, which are occasionally further ex- 
tended by 1,2-P-galactopyranose (Le Dizet, 1972). For ex- 
ample, tamarind amyloid xyloglucan has the approximate 
composition GlcsXyl,~,Gal,,, (Gidley et al., 1991). However, 
dicotyledonous plants also have another form of polymeric 
xyloglucan, which is located in their primary cell walls. 
This structural xyloglucan differs from seed amyloid xylo- 
glucan principally in that approximately 60 to 80% of the 
D-gakiCtOpyranOSyl units are substituted with terminal 1,2- 
a-L-fucosyl residues (McNeil et al., 1984). Thus, dicotyle- 
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donous stem xyloglucan typically has the composition 
Glc,Xyl,Gal,,,Fuc (Hayashi, 1989). 

Current models of the plant primary cell wall describe a 
network of cellulose microfibrils embedded in coextensive 
matrices of hemicellulosic and pectic polymers (McCann et 
al., 1990; Carpita and Gibeaut, 1993). In dicotyledonous 
plants, the principal hemicellulose is xyloglucan, which is 
proposed to tether and cross-link the cellulose microfibrils 
(Hayashi and Maclachlan, 1984; McCann et al., 1990). The 
action of XET catalyzes the cleavage of xyloglucan mole- 
cules and subsequent transfer of the newly generated po- 
tentially reducing ends to the nonreducing ends of other 
xyloglucan chains. Thus, XET activity may play a vital role 
in the xyloglucan metabolism of primary cell walls and has 
been described in a variety of lower plants and both mono- 
cotyledonous and dicotyledonous higher plant species (Fry 
et al., 1992). 

During seed germination, amyloid xyloglucan is subject 
to dramatic enzyme-mediated catabolism (Reis et al., 1987). 
Coincident with the rapid digestion of this transitory stor- 
age reserve is the appearance of four distinct enzyme ac- 
tivities: three glycosidases (Edwards et al., 1985) and a 
"xyloglucan-specific endoglucanase" (Edwards et al., 
1986). This latter enzyme has subsequently been shown to 
possess XET activity (Farkas et al., 1992; Fanutti et al., 1993) 
but appears to be biochemically distinct from a similar 
enzyme found in elongating epicotyls of azuki bean (Vigna 
angularis) (Nishitani and Tominaga, 1992). XET activity 
purified from azuki bean epicotyls lacked xyloglucanase 
activity in the absence of added xyloglucan oligosacchar- 
ides, and could not use polymers of less than about 10 kD 
(equivalent to a glucan backbone degree of polymerization 
of approximately 32) as donor substrates (Nishitani and 
Tominaga, 1992). XET activity purified from germinating 
nasturtium cotyledons, however, exhibited xyloglucanase 
activity even in the absence of added xyloglucan oligosac- 
charides, and exogenous oligosaccharides stimulated a fur- 
ther reduction in average xyloglucan chain length by acting 
as acceptors for cleaved high-molecular-weight polymers 
during transglycosylation (Farkas et al., 1992). 

Highly conserved cDNAs encoding XETs have been iso- 
lated from vegetative tissues of azuki bean, soybean, to- 
mato, Arabidopsis, and wheat seedlings (Okazawa et al., 
1993), whereas the XET cDNA clone obtained from nastur- 
tium cotyledons (de Silva et al., 1993) is quite divergent and 

Abbreviations: RACE, rapid amplification of cDNA ends; XET, 
xyloglucan endotransglycosylase. 
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shares only 35% amino acid identity with that of azuki 
bean. The diverse structures and biochemical properties of 
XETs raise the possibility that a single plant species that 
possesses both amyloid and structural xyloglucan might 
contain multiple, distinct XET activities, each with specific 
functions. This paper reports the cloning from nasturtium 
epicotyls of an XET with relatively low homology to nas- 
turtium seed XET. Two distinct nasturtium XETs are de- 
scribed, which exhibit divergent amino acid sequences and 
expression patterns and, at least in crude protein prepara- 
tions, apparently possess different activities against differ- 
ent xyloglucan substrates. These findings suggest that 
XETl and NXGl have disparate roles in vivo. 

MATERIALS A N D  METHODS 

Plant Materials 

Nasturtium (Tropaeolum majus L. var Fiery Festival) seeds 
were grown in moist vermiculite for 8 d at 15°C and then 
transferred to 25°C. Growth was conducted in the dark for 
the purpose of obtaining etiolated epicotyls and in the light 
for a11 other tissues. Mature tissue (stems and mature 
leaves) was obtained from plants grown in a field (Davis, 
CA). Young leaves were categorized as those with an av- 
erage diameter of 0.5 to 1.0 cm, and mature leaves were 
those with an average width of >5.0 cm. Root tissue was 
selected from the terminal 2 to 3 cm of young seedlings. 
Plant tissues were harvested at appropriate stages, imme- 
diately frozen in liquid nitrogen, and stored at -80°C. 

PCR Amplification of cDNA and Sequencing 

The nucleic acid techniques used were as described by 
Sambrook et al. (1989) unless specified otherwise. Amino acid 
alignments from five plant species (Okazawa et al., 1993) 
were used to identify two conserved amino acid domains for 
the construction of degenerate PCR primers. The 5’ primer 

G-3’1 corresponded to amino acids 102 to 109 of V. angularis 
XET and the 3’ primer [5‘-TCNGT(GA)CA(GA)TA(GA)TT- 
(GA)TA(TGA)ATNG-3’1 corresponded to amino acids 267 to 
274, where N = all four.nuc1eotides. cDNA was synthesized 
from 2 pg of epicotyl total RNA at 37°C for 60 min using 100 
pmol of random hexamers (Pharmacia), 1 mM deoxynucleo- 
side triphosphates, 1 mM DTT, and 200 units of Moloney 
murine leukemia virus reverse transcriptase (BRL). PCR was 
carried out in 50-pL final volumes using 1 unit of AmpliTaq 
(Perkin-Elmer), 10 mM Tris-HCI, pH 8.3, 50 mM KCl, 200 p~ 
deoxynucleoside triphosphates, 3 mM MgCl,, and 1 p~ of the 
above primers with 0.5 pg of cDNA for 40 cycles (94°C for 1 
min, 39°C for 1.5 min, and 72°C for 1.5 min). The resulting 
521-bp DNA fragment was gel purified and cloned into pCR- 
Script (Stratagene) according to the manufacturer’s instruc- 
tions. DNA sequence was determined with universal primers 
and specific interna1 primers synthesized by Genset (La Jolla, 
CA) using [35S]dATP (New England Nuclear) and the Seque- 
nase version 2.0 sequencing kit (United States Biochemical, 
Cleveland, OH). Two clones were completely sequenced on 
both strands and found to have identical sequences. 

[5’-GA(AG)CA(CT)GA(CT)GA(AG)AT(ACT)GA(CT)TT(CT)- 

RACE PCR 

Extensions to each side of the above PCR-amplified frag- 
ment were carried out by RACE PCR (Frohman et al., 1988). 
For 3‘-RACE PCR, 5 pg of total RNA from nasturtium epico- 
tyls were converted to cDNA by reverse transcriptase as 
described above, except that 2.5 pmol of CRpT 
[5’-GGCCACGCGTCGACTAGTACAATACGACTCACTAT- 
AGGGA(T),,-3‘] was used as primer. Products were diluted 
to 1 mL, and 5 pL were amplified by PCR as described above 
using the outside anchor primer CnX (5’-GGCCACGCGTC- 
GACTAGTAC-3’) and an outside gene-specific primer corre- 
sponding to nucleotides 827 to 848, each at 0.5 PM, for 1 cycle 
(50°C for 2 min, 72°C for 40 min) and then for 35 cycles (94°C 
for 1 min, 50°C for 1 min, and 72°C for 3 min). Reaction 
products were diluted 20-fold and 1 pL was amplified in a 
second round, using inside anchor primer (5‘-CGACTAGTA- 
CAATACGACTCACTATAGG-3’) and an inside gene-spe- 
cific primer corresponding to nucleotides 877 to 896, except 
that the 2-min annealing and 40-min extension cycle was 
omitted. The resulting 325-bp cDNA product was gel purified 
and cloned into the vector pCRII (Invitrogen, San Diego, CA). 
Three clones were completely sequenced on both strands, 
each of identical sequence and possessing the expected over- 
lap with the original clone. 

For 5‘-RACE PCR, nasturtium epicotyl RNA was con- 
verted to cDNA as described above using a gene-specific 
primer corresponding to nucleotides 521 to 545. The result- 
ing cDNA was tailed with d(A) at the 5’ end (Frohman et 
al., 1988), and products were amplified by PCR in the 
presence of 50 nM CRpT, 0.5 p~ CnX, and 0.5 p~ of the 
above-described gene-specific primer, as for 3’-RACE. A 
band of 225 bp was cloned into pCRII, and three clones 
were sequenced on both strands, each having an identical 
sequence. The amplified cDNA contained the expected 
overlap with the original clone but did not extend to the 
putative 5’ end of the cDNA, because the primer CnX 
bound within the coding sequence of the gene rather than 
to the 5‘-d(A) tail. 

The 5’ end of the gene was obtained using the 5‘-RACE 
System kit (BRL) with an outside gene-specific yrimer cor- 
responding to nucleotides 319 to 330 and an inside gene- 
specific primer corresponding to nucleotides 307 to 327, 
according to the manufacturer’s instructions. The resulting 
375-bp product was subcloned into pCRII, and five clones 
were sequenced on both strands with no PCR errors de- 
tected. 

Sequence Alignment and Phylogenetic Analysis 

The deduced amino acid sequence of the nasturtium 
XETZ cDNA was aligned with one of 3 other putative XETs 
(Fig. la)  using MacDNASIS Pro (version 3.5, Hitachi Soft- 
ware, San Bruno, CA) or with 11 full-length deduced amino 
acid sequences of XET homologs using Pileup (Wisconsin 
Package, version 8, Genetics Computer Group, Madison, 
WI) with a gap creation penalty of 5.0 and a gap extension 
penalty of 0.3 (Fig. lb). The sequences used were from 
Glycine max, V. angularis, Arabidopsis fhaliana, L. esculenfum, 
and Triticum aestivum (Okazawa et al., 1993), tomato fruit 
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TXETBl and TXETB2 (Arrowsmith and de Silva, 1995), and 
nasturtium seed NXGZ (de Silva et al., 1993), as well a5 XET 
homologs from Zea mays (Saab and Sachs, 1995), Arabidopsis 
thaliana (Medford et al., 1991), and G. max (Zurek and 
Clouse, 1994). A phylogram, with NXGZ as the outgroup, 
was derived using PAUP software (Swofford, 1993) and 
bootstrap analysis (Fig. lb). Bootstrap analysis was per- 
formed using random stepwise addition of taxa with 100 
replicates and global (tree bisection and reconnection) 
branch swapping. Bootstrap confidence values and branch 
lengths (actual number of amino acid changes) are de- 
picted above and below the lines, respectively. 

D N A  lsolation and Analysis 

Genomic DNA was isolated from young nasturtium 
leaves using the method described by Sambrook et al. 
(1989), digested with the indicated restriction enzyme, frac- 
tionated on 0.8% (w/v)  agarose gels, and transferred to 
Hybond-N membrane (Amersham). The blots were hybrid- 
ized with probes derived from templates of either the 
521-bp nasturtium XETl PCR product described above or a 
732-bp fragment corresponding to nucleotides 497 to 1,229 
of the nasturtium seed NXGZ cDNA (a generous gift of Dr. 
Jacqueline de Silva, Unilever Research Laboratories, Bed- 
ford, UK) (de Silva et al., 1993). Both templates were ra- 
diolabeled by random hexamer priming using [ cy-32P]dATP 
(3000 Ci mmol-', New England Nuclear) and Klenow 
DNA polymerase (United States Biochemical). Labeled 
probes were separated from unincorporated nucleotides by 
centrifugation through spin columns of Sephadex G-50 
(Pharmacia) and added to the hybridization medium of 
50% (v/v) formamide, 6X SSPE (Sambrook et al., 1989), 5X 
Denhardt's reagent, 0.5% (w/v)  SDS, 0.01% NaPPi, and 100 
pg mL-' base-denatured salmon sperm DNA at 37°C (Tm 
-28°C) for 16 h. The blots were washed three times in 5x 
SSC (Sambrook et al., 1989), 0.1% SDS, 0.05% NaPPi at 
room temperature, followed by three moderate-stringency 
washes in 0.5X SSC, 0.5% SDS, 0.05% NaPPi at 55°C (Tm 
-25°C). Blots were then exposed to preflashed X-Omat AR 
film (Kodak) with an intensifying screen at -80°C to give 
an appropriate exposure. 

Nasturtium RNA lsolation and Analysis 

Total RNA was isolated from various tissues by the 
method of Wan and Wilkins (1994), and 15 p.g from each 
sample were subjected to electrophoresis on a 1.2% (w/v)  
agarose/lO% (v/v)  formaldehyde denaturing gel and 
transferred to a Hybond-N membrane. The resulting blot 
was hybridized with the radiolabeled XETZ 521-bp PCR 
product as described above at 37°C (Tm -4O"C), washed 
three times at 61°C (Tm -23"C), and exposed to film. 
Radioactivity in the blot was estimated by exposure to a 
phosphorimager plate, which was scanned with a Fujix 
BAS 1000 phosphorimager (Fuji Medical Systems, Stam- 
ford, CT). The resulting scan was analyzed with Fujix 
MacBAS software (Fuji). The blot was stripped for reuse by 
washing three times with 0.1% SDS at 65"C, and reprobed 
as described above using radiolabeled NXGZ. 

Protein Extraction for Enzyme Assays 

A total of 10 g of frozen nasturtium cotyledons (harvest- 
ed 10 d after sowing) or epicotyl tissue was powdered in 
Iiquid nitrogen in a mortar and pestle with 1 g of acid- 
washed sand. The resulting powder was added to 40 mL of 
buffer A (0.25 M Na+-Mes, pH 5.8, 1 mM DTT, 10 mM 
CaCI,, 1 M NaC1, 0.1% NaN,) and 0.5 g of polyvinyl poly- 
pyrrolidone and homogenized for 1 min at 1°C using a 
Tekmar (Cincinnati, OH) homogenizer. The extracts were 
stirred at 1°C for 1 h and then centrifuged at 19,000g for 30 
min. Supernatants were filtered through Miracloth (Calbio- 
chem), made to 90% saturation with (NH,),SO,, and stirred 
at 1°C for 1 h. The suspensions were centrifuged at 10,000g 
for 20 min, the supernatants were decanted, and the pellets 
were resuspended in a minimum volume of buffer A. The 
resuspended solutions were dialyzed (molecular mass cut- 
off 12-14 kD) overnight against buffer A except that the 
NaCl concentration was reduced to 0.1 M, and then clari- 
fied by centrifugation at 25,0008 for 20 min. The superna- 
tants were dialyzed (two changes) with buffer A without 
NaC1, centrifuged at 25,000g for 20 min, and filtered 
through Miracloth, and the final supernatants were frozen 
at -80°C for use in subsequent enzyme assays. 

The protein content of the extracts was determined using 
a Bio-Rad Protein Assay kit with BSA as a standard. 

XET Activity Assays 

The radiolabeled acceptor substrate used in the assays 
was the xyloglucan nonasaccharide [3H]XLLG (nomencla- 
ture after Fry et al., 1993), derived from nasturtium seeds 
and custom tritiated (Amersham International, Little Chal- 
font, UK) to a specific activity of 103 MBq mg-'. The donor 
xyloglucans in the transglycosylase reaction were either 
from tamarind cotyledons, isolated by the method of Rao 
(1959), or from pea stems (the latter a generous gift of Prof. 
Takahisa Hayashi, Kyoto University, Kyoto, Japan). 

Transglycosylase activity was assayed based on the 
method of Fry et al. (1992). Reactions were initiated by the 
addition of 1 volume of protein extract to 3 volumes of 
assay buffer, giving final concentrations of 0.2% (w / v) 
xyloglucan, 0.36 MBq i3H]XLLG, 150 mM Na+-Mes, pH 5.8, 
0.66 mM DTT, and 6.6 mM CaC1,. Protein extracts were 
diluted to a point at which enzyme concentration was 
proportional to the initial reaction rate and was therefore 
the Iimiting factor in the reaction. Aliquots of 40 pL were 
removed at the indicated times, and reactions were 
stopped by mixing with 100 pL of 20% (w/v)  formic acid. 
Activity was assayed using liquid scintillation spectros- 
copy by determining incorporation of labeled oligosaccha- 
rides into high-molecular-weight xyloglucan capable of 
binding to 3MM paper (Whatman). 

RESULTS 

Cloning of a cDNA Encoding Nasturtium XET7 

A full-length cDNA encoding an XET homolog was de- 
rived from nasturtium epicotyl mRNA with PCR tech- 
niques, using degenerate primers designed to two amino 
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acid domains conserved between XET sequences from five 
plant species (Okazawa et al., 1993). The original 521-bp 
clone was extended at the 3' and 5' termini to yield a 
1202-bp clone, designated Tropaeolum majus XETl 
(TmXETl) .  The cDNA clone of this gene encoded 293 de- 
duced amino acids, together with 103 bp of the 5' flanking 
sequence and 220 bp of the 3' flanking sequence. A puta- 
tive polyadenylation signal (AATAAA) was located 16 bp 
before the poly(A) tail. 

The deduced amino acid sequence from the TmXETZ 
gene was aligned with those of three other putative XETs 
exhibiting differing degrees of homology (Fig. la). TmXETl 
showed only 38% amino acid identity with TmNXGl,  an 
XET from nasturtium seed cotyledons (de Silva et al., 1993). 
However, alignment with the highly conserved deduced 
amino acid sequence of LeEXT (Okazawa et al., 1993) from 
tomato showed 70% amino acid identity, whereas the more 
divergent tomato XET gene LeTXETBZ (Arrowsmith and de 
Silva, 1995) showed an intermediate amino acid identity of 
51%. These three sequences were selected as representa- 
tives of different phylogenetic branches of putative XET 
proteins (see Fig. lb). 

A phylogram generated from the derived amino acid 
alignment of 12 XET genes revealed three distinct clades 
(Fig. lb). One branch contained the divergent XET ex- 
pressed in the seed cotyledons of certain species, such as 
nasturtium. A second clade contained XETs originally de- 
rived from vegetative tissues, which were highly conserved 
between genetically diverse species such as wheat, tomato, 
and nasturtium. A third clade contained a protein sequence 
(tomato TXETB2) confirmed by heterologous expression to 
exhibit XET activity and a related sequence, TXETBl (Ar- 
rowsmith and de Silva, 1995), as well as three genes: Gm- 
BXUl  (Zurek and Clouse, 1994), Atmerid (Medford et al., 
1991), and Zmwusl (Saab and Sachs, 1995), possessing con- 
siderable amino acid sequence similarities to XETs. 

D N A  Gel Blot Analysis 

Southern blots of nasturtium genomic DNA were hy- 
bridized with partial-length clones derived from XETZ and 
NXGl  cDNAs, isolated from epicotyls and cotyledons, re- 
spectively (Fig. 2). The XETl probe hybridized to a single 
band in each of three restriction digests, suggesting the 
presence of a single gene. The NXGZ probe also hybridized 
to single bands, confirming the result of de Silva et al. 
(1993) that this gene is present as a single copy. XETl and 
NXGl  hybridized to different bands on the DNA gel blots, 
indicating that they occur at different loci in nasturtium. 

Tissue-Specific Expression of X € T l  and NXGl Genes in 
Nasturtium 

A cDNA fragment derived from XETZ was used to probe 
a northern blot containing nasturtium RNA from various 
tissues (Fig. 3). Hybridization occurred to a single band of 
approximately 1.4 kb. High levels of XETl mRNA were 
detected in actively growing tissues, such as young epico- 
tyls and roots, with lower levels in stems and in young and 
mature leaves. Phosphorimager analysis showed that rela- 
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Figure 1. Sequence alignment and phylogenetic analysis. a, Alignment 
of deduced amino acid sequence of T. majus XET7 (TmXET1) with three 
other XET sequences. Conserved amino acids are shown in reverse 
contrast. b, Phylogram of deduced amino acid sequences of 12 XET 
gene homologs. Sequence alignment was performed using Pileup, and 
the phylogram was derived using a PAUP bootstrap analysis with Tm- 
NXGl as the outgroup. Full details are given in "Materials and Meth- 
ods." Numbers in bold above the branches refer to the bootstrap con- 
fidence values, whereas numbers below the branches indicate branch 
length (number of amino acid changes). TmNXG1, T. majus NXG7 (de 
Silva et al., 1993); AtEXT, A. thaliana EXT; GmEXT, G. max EXT; LeEXT, 
L.  esculentum EXT; TaEXT, T. aestivum EXT; VaEXT, V. angularis EXT 
(all Okazawa et al., 1993); LeTXETBl and LeTXETB2, L. esculentum 
TXETBl and TXETB2 (Arrowsmith and de Silva, 1995); Atmeri-5, A. 
thaliana meri-5 (Medford et al., 1991 ); GmBRUl, G. max BRUl (Zurek 
and Clouse, 1994); Zmwusl, Z. mays wusl (Saab and Sachs, 1995). 
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Figure 2. DMA gel blot analysis of nasturtium XEJ1 and NXG1
genes. Cenomic DNA (20 ^.g/lane) was digested to completion with
the indicated restriction enzymes, and the DNA gel blots were
hybridized with radiolabeled cDNA probes corresponding to a
521-bp fragment of XET1 or to a 732-bp fragment of NXG1 (de Silva
et al., 1993). The blots were hybridized in 6x SSPE at 37°C and
washed at moderate stringency (0.5x SSC at 55°C).

tive to mature leaves, where XET1 mRNA levels were very
low, XETI mRNA levels were approximately 110-fold
greater in epicotyls, 42-fold greater in roots, 10-fold greater
in stems, and 7-fold greater in young leaves. In germinat-
ing cotyledons, however, no signal was detected even after
prolonged exposure of the blot (data not shown), suggest-
ing that XET1 is not expressed in cotyledons.
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Figure 3. RNA gel blot analysis of XETI and NXC1 gene expression
in a variety of nasturtium tissues. A total RNA (20 ^.g/lane) gel blot
was hybridized with a 521-bp XETI cDNA probe. After exposure to
photographic film, the blot was stripped and reprobed with a 732-bp
fragment derived from nasturtium seed NXG1 cDNA (de Silva et al.,
1993). The blot was hybridized in 6x SSPE at 37°C and washed at
moderate stringency (0.5X SSC at 61 °C) in each case.

The same northern blot was stripped and reprobed with
a 732-bp fragment derived from NXG1 cDNA (Fig. 3),
detecting a single band of approximately 1.5 kb (de Silva et
al., 1993). NXG1 mRNA was detected only in RNA derived
from cotyledons, even after prolonged exposure of the blot
(data not shown). This indicates that XETI and NXG1 show
mutually exclusive tissue-specific patterns of mRNA accu-
mulation in nasturtium.

XET Activity Assays with Epicotyl and Seed
Enzyme Preparations

Protein was extracted from nasturtium epicotyls and
germinating cotyledons, and XET activity was assayed by
measuring the incorporation of radiolabeled xyloglucan
oligosaccharide acceptors into two different xyloglucan do-
nor substrates. The donor substrates used were nonfuco-
sylated amyloid xyloglucan purified from tamarind seeds
and fucosylated dicotyledonous primary cell-wall xyloglu-
can obtained from pea seedlings. Protein extracts from
epicotyl tissue exhibited XET activity at high levels, and
labeled acceptor oligosaccharides were incorporated into
high-molecular-weight products using donor xyloglucan
from either source with equal facility (Fig. 4a). In contrast,
XET activity in protein extracts from germinating cotyle-
dons was considerably greater when nonfucosylated amy-
loid xyloglucan was used as the donor substrate rather
than fucosylated xyloglucan (Fig. 4b).

o.o
20 30 40

Time (min)
50 60

Figure 4. Time course assays of XET activity in protein extracts from
elongating nasturtium epicotyls (a) or germinating nasturtium seeds
(b) using amyloid O or fucosylated stem (•) xyloglucan as donor
substrate. Activity was determined by measuring the incorporation of
I'HIXLLG oligosaccharides into a high-molecular-weight xyloglucan
polymer. Each time point represents the mean ± SE of triplicate assays
from two independent experiments (n = 6).
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DISCUSSION 

Reports describing xyloglucan-specific transglycosylases 
have used the names XET (Fry et al., 1992; de Silva et al., 
1993; Fanutti et al., 1993) and endo-xyloglucan transferase 
(EXT) (Nishitani and Tominaga, 1992; Okazawa et al., 
1993). Since the designation E x t  has already been used to 
denote genes encoding the cell-wall glycoprotein extensin 
(Commission on Plant Gene Nomenclature, 1994), we have 
adopted the abbreviation XET to avoid ambiguity. This 
paper describes the isolation of a cDNA encoding an XET 
homolog (XETZ) from epicotyls of nasturtium. The first 
XET cloned from this species, NXGZ, was isolated from 
cDNA derived from germinating cotyledons (de Silva et al., 
1993). XETZ shares a very low amino acid sequence iden- 
tity (38%) with NXG1, but is closely related (70-83% amino 
acid identity) to XET genes from seedlings of other species, 
including the monocotyledonous species wheat and the 
dicotyledonous species azuki bean, soybean, tomato, and 
Arabidopsis (Fig. 1). The presence of at least two divergent 
XET genes in nasturtium and in tomato (Okazawa et al., 
1993; Arrowsmith and de Silva, 1995) shows that different 
XET genes are expressed within a single species. In nastur- 
tium it would appear that both XETZ and NXGZ are present 
as single genes (Fig. 2). 

XETZ was expressed at the leve1 of mRNA accumulation 
in a11 vegetative tissues examined (epicotyl, stem, root, and 
leaf), except in germinating cotyledons (Fig. 3). In contrast, 
NXGZ showed the opposite expression pattern, with high 
levels of mRNA in germinating cotyledons, but was not 
detected in other tissues examined. Thus, these two nas- 
turtium XET genes show a mutually exclusive pattern of 
mRNA accumulation. 

XETZ is expressed predominantly in vegetative tissues, 
where its substrate is presumably fucosylated cell-wall 
structural xyloglucan. This gene and highly homologous 
XETs from other species (as depicted in Fig. lb)  may there- 
fore play a role in cell-wall xyloglucan metabolism, such as 
the incorporation of newly synthesized xyloglucan into the 
expanding primary cell wall or the modification of xylo- 
glucan polymers forming cross-links between cellulose mi- 
crofibrils. In contrast, the expression pattern of NXGZ in 
nasturtium suggests that its main physiological function is 
the mobilization of nonfucosylated xyloglucan seed storage 
reserves. Examination of crude protein preparations from 
epicotyl tissue, in which XETl is expressed, and from 
germinating cotyledon tissue, in which NXGZ is expressed, 
suggests that the XET enzymes present in each tissue may 
have differing activities against different xyloglucan sub- 
strates (Fig. 4). Epicotyl protein extracts did not distinguish 
between fucosylated and nonfucosylated xyloglucan donor 
substrates (Fig. 4a) in an in vitro XET assay. However, 
protein preparations from cotyledons, in which NXGZ is 
expressed, showed a markedly higher XET activity versus 
nonfucosylated amyloid xyloglucan, its presumed in vivo 
substrate, than for fucosylated structural xyloglucan (Fig. 
4b). Studies using purified nasturtium cotyledon XET 
showed that the enzyme was substantially more active as a 
xyloglucanase against nonfucosylated seed xyloglucan 
than against fucosylated stem xyloglucan (Edwards et al., 

1986). The Xyl-Gal-Fuc side chain of primary cdl-wall xy- 
loglucan is thought to wrap around the glucan backbone 
(Levy et al., 1991), and this may cause a degree of steric 
hindrance interfering with the binding of NXG1, but not of 
XET1, to primary cell-wall xyloglucan. It should be noted 
that the data of Figure 4 represent XET activities assayed in 
vitro using crude protein extracts and that the potential 
presence of additional xyloglucan-modifying enzymes in 
the extracts necessitates that the findings be interpreted 
cautiously . 

The differences in both protein sequence (Fig. l a )  and 
enzyme activity between NXGl and other XETs suggest 
that they have evolved to perform distinct physiological 
functions. NXGl has been purified to homogeneity (Ed- 
wards et al., 1986) and is a specialized enzyme that in vivo 
predominantly exhibits xyloglucanase activity (Edwards et 
al., 1985, 1986). In contrast, XETs purified from Vigna 
(Nishitani and Tominaga, 1992) or overexpressed from to- 
mato (Arrowsmith and de Silva, 1995) acted as transglyco- 
sylases and lacked detectable glycanase activity. NXGl 
thus appears to belong to a distinct class of XETs, which 
could perhaps be termed class I. The existence of more than 
one putative class of XET is also indicated phylogenetically 
in the tree shown in Figure l b  and in two different phylo- 
genetic trees derived from 10 sequences (de Silva et al., 
1994; Nishitani, 1995). However, further analyses of XET 
sequence information, expression patterns, and enzymatic 
activities are required to elucidate additional XET classes. 
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